A detailed investigation on the chemical composition of the cubic form of titanium oxyfluoride-based compound reveals the presence of OH groups substituting the oxide/ fluoride sublattice. Indeed, a partial dehydroxylation of the framework enables to improve the reversibility of the lithium insertion/de-insertion processes. Since the presence of OH groups in this type of compounds is usual and depends on the synthesis method employed, this work enables to rationalize the different electrochemical behaviours reported in the literature and further highlights the importance of a good knowledge of the chemical composition with regard to the physico-chemical properties.
Introduction
Solution-based synthesis of transition metal oxyfluoride relies on hydrolysis/fluorolysis and condensation reactions [ 1 , 2 ] . Accordingly, certain transition metal such as titanium or niobium can accommodate up to three types of anions, i.e. O 2- , OH -and F -, yielding complex compositional and structural features [3] [4] [5] [6] [7] [8] [9] [10] . In specific conditions, the formation of oxo species can be prevented thus enabling the stabilization of hydroxyls groups. In particular, the use of acidic aqueous medium has yielded a hydroxyfluoride compound derived from TiOF 2 .
The substitution of divalent oxide by monovalent OH groups led to the formation of a significant amount of titanium vacancies, i.e. Ti 0.75  0.25 F 1.5 (OH) 1.5 [10] . Titanium oxy-(hydroxyl)-fluoride compounds have been shown to be of particular interests for a broad variety of applications spanning energy storage [11] [12] [13] [14] [15] [16] [17] , optical properties [18] and photocatalysis [19] [20] [21] . The precise knowledge of the chemical composition and structural features of these compounds is of paramount importance to understand their physico-chemical properties. For instance, the lithium insertion properties of Ti-based oxyfluoride compounds in the 1.2-3 V region depend on the material's preparation methods [11] [12] [13] [14] [15] [16] [17] . In the present article, we employ a variety of analytical and spectroscopic tools to characterize OH groups in the cubic form of TiOF 2 . Finally, we investigate how OH groups can alter the electrochemical reaction vs. Li + /Li.
Material and methods

Synthesis.
Hydroxylated TiOF 2 was synthesized using a microwave-assisted solvothermal method. A solution containing 27 mmol of titanium tetraisopropoxide (TTIP, Sigma-Aldrich), 47.22 mL of isopropanol (Sigma-Aldrich) and 4.78 mL (F/Ti molar ratio of 4) of hydrofluoric acid (40 wt. %, Rectapur) was placed in a sealed Teflon line container. The solution was then heated at 90 °C for 30 min with a ramp of 13 °C/min yielding a transparent solution. The precipitation was then obtained by solvent removal using a microwave heating at 75 °C for 30 min under a nitrogen stream. The obtained powder was washed twice with ethanol. Finally, the sample was dried at 90 °C under vacuum. Characterization methods. X-ray diffraction was carried out by using a Rigaku Ultima IV diffractometer with a Cu Kα radiation (λ = 1.5418 Å). The thermogravimetric analysis (TGA) was performed using Setaram Setsys. The sample was heated from room temperature up to 350 °C under a helium atmosphere (heating rate 5° C/min). Thermal treatments of the hydroxylated TiOF 2 were performed in a tubular oven under vacuum for 10 hours with a heating rate of 2 °C.min -1 . 3 , respectively and they were fitted by using the DMFit software [22] . 19 F solid state NMR was used to quantify the fluorine content on the TiOF 2 samples by using reference samples [7] [8] [9] . 19 F solid-state MAS NMR (Hahn echo) spectra were also recorded for YF 3 and LaF 3 and the masses of each sample in the rotor were measured. The fits of the spectra allow to determine the integrated intensities (I) for each sample. Since, for each sample, the recycle delays were chosen to ensure that the amount of signal detected is maximum (420 s for YF 3 and 120 s for LaF 3 ), we assume that the integrated intensities are proportional to the number of scans (256 for the TiOF 2 samples and 16 for YF 3 and LaF 3 ) and to the molar quantity of fluorine atoms (n) in the rotor. This assumption is verified since the calculated I/n ratio for YF 3 [7] ) and for terminal F in K 2 TiF 6 (71.4 ppm [26] ) and in hybrid hydroxyfluorotitanates (IV) (76 to 82 ppm [27] ). This may be due to shorter F-Ti bond lengths for these fluorine atoms in Ti 0.90  0.10 O 0.60 (OH) 0.74 F 1.66 [28, 29] . Broad 19 F NMR lines are observed, especially for the fluorine atoms close to titanium vacancies Ti-F-, in relation with the strong local disorder due to the occurrence of vacancies on the titanium site and the occupancy of the anionic site by three different anions. F-Ti bond lengths are then widely distributed, especially for the fluorine atoms close to titanium vacancies Ti-F-. The similar values of probabilities of occurrence of the Ti-X-Ti and for Ti-X- environments and of relative intensities of the 19 F NMR resonances assigned to Ti-F-Ti and for Ti-F- environments pointed out that fluorine atoms are uniformly distributed around titanium atoms and vacancies. Then, assuming that oxygen atoms preferentially bridges two titanium atoms, it suggests that OH groups are preferentially located close to vacancies (i.e. more than expected assuming random distributions). (Table 2) . In any event, Ti-OH- account for at least 30 % confirming that OH groups are preferentially located close to vacancies (i.e. more than expected assuming random distributions). [7] . The substitution of O 2-by F -in anatase TiO 2 yields a negative charge deficiency counterbalanced by the creation of titanium vacancies. The expected Ti 2 -F- (-5 ppm [7] ) environments are probably hidden by the resonances of the Ti-F-Ti environments of the main phase on the 19 F MAS NMR spectrum. However, the occurrence of Ti-F- 2 environments (98 ppm [7] ) in the anatase present in the sample after thermal treatment at 300°C is not evidenced on the 19 F MAS NMR spectrum showing that the titanium vacancy and fluorine rates are small. Finally, this shows that the use of TiOF 2 as a precursor for the formation of TiO 2 anatase can yield to samples containing fluorine and titanium vacancies. (Fig. S6-S9 , Tables S5-S8 ). When the temperature of the thermal treatment increases, the NMR resonances with the smallest chemical shifts (assigned to OH groups from Ti-OH- in the pristine) broaden and overlap with the NMR resonances having the largest chemical shifts (assigned to OH groups from Ti-OH-Ti in the pristine). Assignment of the NMR resonances used for the fits of the spectra to OH groups from Ti-OH-Ti or Ti-OH- solely is then meaningless. When the temperature of thermal treatment increases, the averaged and weighted chemical shift decreases from 6.2 ppm for the pristine to 3.8 ppm for 170 °C and hereafter remains roughly constant. It may be due to a decrease of the strength of the hydrogen bonding interactions and/or to an increase of the ratio of OH groups from Ti-OH-. (16) is the same for these five spectra and the masses of sample in the rotor are equal to 3.6, 3.1, 3.2, 3.4 and 2.4 mg for pristine and samples treated at 150°C, 170°C, 200°C and 300°C, respectively. Spectra normalized to the most intense peak are given as Supplementary data (Fig. S5) .
Solid
The electrochemical properties of compounds related to TiOF 2 largely depend on the preparation method. A literature overview of the electrochemistry of compounds related to TiOF 2 pointed out different electrochemical behaviors vs. lithium in the intercalation region, i.e. 1.2-3.4 V. Table 3 compares the different electrochemical properties along with the synthesis method employed. Two main routes can be distinguished: (i) gas phase fluorination and (ii) solution based processes. Fluorination of titanium dioxide using elemental fluorine enable to prepare pure oxyfluoride compounds free of OH groups [15, 16] whereas solutionbased methods more likely favor the stabilization of OH groups within TiOF 2 [9, 10] . The presence of OH groups depends on the synthesis parameters (nature of the precursor, heating mode, concentration of the reactants, etc) and particularly on the medium used, i.e. aqueous medium very likely favors the stabilization of OH groups. Although the presence of OH groups was not systematically discussed in the literature, thermal analyses can indicate their presence [12, 17] . Moreover, from the Table 3 , a trend can be observed: the higher the OH content, the lower the first discharge capacity. It is particularly well exemplified when comparing the lithium uptake in the hydroxyfluoride Ti 0.75  0.25 F 1.5 (OH) 1.5 [10] and TiOF 2 obtained by fluorination of TiO 2 using elemental fluorine [15] The partial deshydroxylation of the structure by thermal treatments notably improves the lithiation/de-lithiation with the highest reversibility obtained after the thermal treatment at 170 °C. This result tends to support the blocking effect of OH groups on the electrochemical properties vs. Li + /Li. Moreover, the dehydroxylation increases the lithium insertion voltage suggesting that the reaction is more favorable. A similar trend was previously observed [17] : a cubic TiOF 2 containing OH groups shows a lower insertion potential than the hexagonal polymorph free of OH. Nevertheless, the remaining OH groups in the sample thermally treated at 170 °C still prevent higher lithiation degree to be obtained. 
Conclusion
In this work, we prepared hydroxylated TiOF 2 based compound using a solvothermal synthesis assisted by microwave heating. The resulting compound featured OH groups substituting the oxide/fluoride sublattice resulting in the stabilisation of titanium vacancies which has been rationalized by the following general chemical formula Ti 
